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diagnostic performance of the test should be assessed.
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from a large sample of healthy controls (n ¼ 307) and patients (n ¼ 145) suffering from three
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types of focal dementia or Alzheimer’s Disease (AD). We found that five independent
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components underlie semantic fluency performance. We argue that these components

Control functions

functionally map onto the generation and application of a search strategy (component 2),
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to the monitoring of the overall sequence to avoid repetitions (component 3) and out-of-
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category items (component 4), and to the full integrity of the semantic store (component
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5). The integrated and effective work of all these components would relate to a “general
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effectiveness” component (component 1). Importantly, while all the focal dementia groups
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were equally impaired on general effectiveness measures, they showed differential pat-
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terns of failure in the other components. This finding suggests that the cognitive deficit

In this study, we extracted multiple indices of performance on the semantic fluency test

that impairs fluency differs among the three focal dementia groups: a semantic store
deficit in the semantic variant of primary progressive aphasia (sv-PPA), a strategy deficit in
the non-fluent variant of primary progressive aphasia (nfv-PPA), and an initiation deficit in
the behavioural variant of fronto-temporal dementia (bv-FTD). Finally, we showed that the
concurrent use of multiple fluency indices improves the diagnostic accuracy of semantic
fluency both for focal dementias and for AD. More generally, our study suggests that a
formal evaluation of fine-grained patterns of performance would improve the diagnostic
accuracy of neuropsychological tests.
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1.

Introduction

The semantic fluency test (Bousfield & Sedgewick, 1944) requires a subject to generate as many words as possible from a
given semantic category (e.g., “fruits”) within a limited time,
usually 1 min. Semantic fluency is a simple yet powerful test.
For clinical purposes, the test has the benefit of being very fast
and easy to administer, while still being highly sensitive to
detecting cognitive impairment and brain damage (Henry &
Crawford, 2004). For research purposes, semantic fluency
provides a unique window on the fundamental ability to
explore and extract information from our semantic and lexical
store.
Several cognitive functions may be involved in semantic
fluency. First, when performing the task, subjects should
generate and then follow a strategy to explore the semantic
store efficiently. Typically, healthy subjects explore a semantic category (e.g., fruits) by exploiting its internal organisation. They tend to generate items by clustering them
into subcategories, e.g., soft fruits, dry fruits, citrus fruits.
Second, subjects need to flexibly switch between different
subcategories or items and select a target item among
alternative competitors. Third, subjects need to extract entries from semantic memory, and fourth, they need to
monitor and check the output to avoid producing repetitions or items out-of-category. Finally, they need to keep an
“active” state during task execution to cope with the limited
amount of time available for production (Gruenewald &
Lockhead, 1980; Reverberi, Laiacona, & Capitani, 2006;
Rosen & Engle, 1997; Unsworth, Spillers, & Brewer, 2011;
Wixted & Rohrer, 1994).
A deficit in any of the above-mentioned cognitive abilities
may produce an impaired fluency performance. As a consequence, the raw performance in semantic fluency is not
cognitively specific. Thus, it is unsurprising that an impairment on the semantic fluency task has been reported
following damage to several brain structures: the left temporal
lobe, for its role in semantic memory storage; the lateral
frontal cortex, for its role in strategy generation, flexibility,
and selection; and the medial frontal cortex, for its role in
behavioural initiation and activation (Baldo & Shimamura,
1998; Henry & Crawford, 2004; Laisney et al., 2009; Robinson,
Shallice, Bozzali, & Cipolotti, 2012; Stuss et al., 1998; Troyer,
Moscovitch, Winocur, Alexander, & Stuss, 1998).
The cognitive opacity of the overall production score curtails the usefulness of the semantic fluency test in clinical
settings and hinders the understanding of the cognitive and
neural basis of semantic fluency. In recent years, several
proposals were made for improving the specificity of the
indices used to assess fluency performance, mainly by
devising scoring procedures grounded on more detailed
cognitive models of the task. Ideally, these new indices should
be able to selectively measure each of the cognitive processes
underlying semantic fluency. “Clustering” and “switching” are
well-known examples of indices devised for this purpose
(Moscovitch, 1992; Troyer, Moscovitch, & Winocur, 1997;
Troyer et al., 1998). The clustering index is the average size
of the produced subcategory clusters, while the switching

151

index counts the number of times a subject switches from an
old subcategory to a new subcategory. Clustering is thought to
specifically measure the integrity of the semantic store, a
measure related to the temporal lobe functions, while
switching measures the integrity of strategic search processes, cognitive flexibility, and shifting, i.e., cognitive functions related to the frontal lobes (Troyer et al., 1998). Other
laboratories have further contributed with alternative theoretical interpretations of these fluency indices by testing the
new indices in several different pathological groups, or by
proposing different indices, such as the “order index” and the
“number of subcategories index” (e.g., Abwender, Swan,
Bowerman, & Connolly, 2001; Fagundo et al., 2008; Ho et al.,
2002; Mayr, 2002; Price et al., 2012; Reverberi et al., 2006;
Troster et al., 1998).
Notwithstanding this major theoretical and empirical
effort, whether these new indices indeed provide more information compared with the mere total number of new
words still needs to be formally evaluated. Specifically, it remains unclear whether each of the above-mentioned indices
measures one (or a few) underlying cognitive processes,
whether the new indices are more accurate in distinguishing
healthy controls from patients or in distinguishing among
different patient groups, and whether the combined use of
two or more indices can increase the amount of information
conveyed by each index when used alone.
To further investigate and evaluate these issues, this study
pursued three related aims. First, we wanted to assess how
many and which independent components would be necessary to thoroughly describe semantic fluency performance.
Second, we wanted to assess whether considering this larger
set of fluency indices would allow for a better understanding
of the cognitive basis of fluency impairment in three focal
dementias. Third, we systematically evaluated nine fluency
indices to understand whether any of them, alone or in
combination with others, can better discriminate between
patients and healthy controls and among different patient
groups.
In this study, we considered two main patient groups: focal
dementias and Alzheimer’s Disease (AD). First, we focused on
relatively rare but cognitively focal syndromes: semantic dementia, which has been recently reclassified as the semantic
variant of primary progressive aphasia (sv-PPA; GornoTempini et al., 2011); the behavioural variant of fronto-temporal dementia (bv-FTD); and non-fluent variant of primary
progressive aphasia (nfv-PPA). These clinical syndromes
constitute excellent models to study semantic fluency
because they are characterised by a focal impairment on one
or more of the cognitive functions involved in semantic
fluency. Sv-PPA presents with a progressive loss of general
semantic knowledge, involving multiple modalities (e.g.,
words, visual percepts, sounds, and tastes). Sv-PPA patients
generally show language problems consisting of anomia and
semantic paraphasias, which are associated with an impairment in understanding single words, in the absence of
phonological and syntactical problems (Hodges, Patterson,
Oxbury, & Funnell, 1992; Patterson, Nestor, & Rogers, 2007;
Snowden, Goulding, & Neary, 1989; Warrington, 1975). Nfv-
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PPA is a language disorder associated with atrophy of the
perisylvian areas of the left hemisphere and is characterised
by an impairment of the phonological and syntactical aspects
of oral and written language, with sparing at the semantic
level. Nfv-PPA patients show anomia with phonological paraphasia, agrammatism, and speech apraxia in the absence of
single word comprehension deficits (Grossman, 2010; Neary
et al., 1998). Bv-FTD refers to a disorder predominantly of
behaviour, with the presence of a dysexecutive syndrome that
is the sole problem in most cases. In a few cases, the behavioural and executive problems can be associated with
impaired language, and mild semantic problems can sometimes be detected during the neuropsychological examination. The prototypical presentation of bv-FTD is with
behavioural problems (from apathy to disinhibition), which
involve both personal (e.g., loss of hygiene, hyperorality) and
social (e.g., loss of social awareness) aspects. Formal tests of
bv-FTD usually detect a dysexecutive syndrome characterised
by perseverations, problems in categorisation, abstract
thinking, and judgement, and loss of attention and poor
working memory (Neary et al., 1998; Neary, Snowden, & Mann,
2005; Salmon et al., 2003; Snowden, Neary, & Mann, 1996). In
addition to focal dementias, we also examined AD patients.
AD patients have impairments in multiple cognitive functions
(e.g., Snowden et al., 2011). Their study can provide limited
information on the cognitive basis of semantic fluency.
However, a formal assessment of the diagnostic power of
alternative semantic fluency indices in AD would provide
important clinical information for a more prevalent degenerative disease. Finally, in this study, all patient groups were
compared with a large group of healthy controls (n ¼ 307).

2.

Methods

2.1.

Subjects

analyses because they produced less than three valid items on
the fluency test. The second clinical group comprised 78 patients diagnosed with AD. Three AD patients were excluded
from the main analyses because they produced less than three
valid items. The diagnosis was based on the clinical history
and neurological and neuropsychological examinations, and
it was further supported by structural and functional imaging.
Routine blood screening tests excluded secondary causes of
dementia. No patient had a history for cerebrovascular disease. All patients had been followed for at least one year,
confirming the progressive nature of their disorder. Patients
fulfilled the currently accepted diagnostic criteria for bv-FTD,
sv-PPA, nfv-PPA or AD (Gorno-Tempini et al., 2011; McKhann
et al., 2011; Neary et al., 1998, 2005; Rascovsky et al., 2011;
Snowden et al., 1996). The fluency test was always administered during the first visit at the clinical service. Thus, most of
the patients were in the relatively early stages of the disease.
Clinical severity measures based on the Activities of Daily
Living (ADL) scale (Katz, Downs, Cash, & Grotz, 1970) are reported in Table 1. An additional 307 healthy controls served as
the reference group. Data from a subset of the control subjects
were also used in previously published studies (Capitani,
Laiacona, & Barbarotto, 1999; Capitani, Rosci, Saetti, &
Laiacona, 2009). All participants gave their written informed
consent, and the study was approved in accordance with the
Helsinki Declaration.

2.2.

The semantic fluency test was administered to all subjects on
an individual basis. The subjects were instructed to produce
as many different words as possible belonging to the category
“fruit”. One minute was granted. All words produced and their
exact sequence were recorded. Phonological errors on otherwise clearly recognisable items were not recorded.

2.3.
A total of 455 subjects took part in the study (Table 1). Two
main clinical groups formed the patient cohort, with each
group having a different role in the study. The first clinical
group comprised 70 individuals attending a specialist neurological clinic for early onset dementia; these individuals had a
clinical diagnosis of bv-FTD (39 patients), semantic dementia
(recently reclassified as sv-PPA, 15 patients), or nfv-PPA (16
patients). Six bv-FTD patients were excluded from the main

Table 1 e Demographic information for all subject groups.
Subjects not included in the main analyses (see Methods)
have been removed.

N subjects
Age (M SD)
Education
(M SD)
ADL (M SD)

nfv-PPA

bv-FTD

16
73.6 (3.4)
7 (4.6)

33
67.0 (6.1)
8.6 (4.4)

sv-PPA

AD

15
75
67.9 (6.5) 77.3 (6.2)
9.3 (4.9) 6.8 (4.1)

95.5 (11.7) 88.9 (20.7) 100 (0)

91.1 (16.3)

CTL
307
54.9 (17)
9.6 (5)
e

nfv-PPA: non-fluent variant of Primary Progressive Aphasia; bvFTD: behavioural variant of Fronto-Temporal Dementia; sv-PPA:
semantic variant of Primary Progressive Aphasia; AD: Alzheimer’s
Disease; CTL: Control Group; ADL: Activities of Daily Living scale.

Procedure

Scoring and experimental measures

For each fluency test, we computed the following indices:
(i) The number of new words produced in 1 min. Items out
of the “fruit” category, and repetitions were excluded.
(ii) Repetitions: The number of repeated words.
(iii) Out-of-category words: The number items not
belonging to the target category fruit: e.g., “salad” or
“red”.
(iv) Average familiarity. The familiarity index conveys, on a
scale from 1 to 10, how common experience with a
particular fruit is. Ten corresponds to the maximum
familiarity (e.g., “apple”) and one to the minimum familiarity (e.g., “kumquat”). We used the familiarity
scores made available in a previous study by our group
(Reverberi, Capitani, & Laicona, 2004). The average familiarity was computed over all items within the category fruit (out-of-category words were excluded).
(v) The number of subcategories (e.g., citrus fruits) to
which the produced items belong. The subcategories
were defined following the procedure described in our
previous works on the topic (Reverberi et al., 2004, 2006).
Overall, we considered 15 subcategories of fruits. The
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(vi)

(vii)

(viii)

(ix)

subcategory index corresponds to the number of subcategories for which each subject produced at least one
word.
The number of switches between subcategories. A
switch was defined as any transition between two
words that belonged to different subcategories.
The relative switching or average cluster size. The
relative switching is the ratio of the number of switches
to the total number of words generated minus 1,
including repetitions. Although we report the relative
switching index in the manuscript, the relative
switching is roughly equivalent to the reciprocal of the
average cluster size (see Supplementary Online Material
in Reverberi et al., 2006). A cluster is defined as a group
of words belonging to the same subcategory uttered
sequentially. The cluster size is the number of words
that form a cluster, counted starting from the second
word of the series (Troyer et al., 1998).
The order index. In a fluency test, the number of
switches, the number of subcategories, and the number
of produced words are not independent. For example,
the number of subcategories and the number of produced words together define the range of the possible
number of switches. Thus, the comparability of the
number of switches of different subjects could be
undermined if these subjects presented different
amounts of produced words and subcategories. The
order index represents a way to make the number of
switches from different participants comparable. This
index is computed as the discrepancy between the
theoretical maximum number of switches and the
observed number of switches, divided by the theoretically admitted maximum minus the theoretically
admitted minimum number of switches. The conceptual meaning of the order index is analogous to that of
the relative switching/average cluster size. Specifically,
the order index measures how semantically ordered a
series of items is. Compared with clustering, the order
index has the advantage of avoiding the bias that arises
from the interdependence of the variables number of
switches, number of subcategories, and number of
produced words (Reverberi et al., 2006).
The average semantic proximity between each successive pair of produced words. We relied on the corpus of
proximity scores made available for the category “fruit”
and for the Italian language in previous studies by our
group (Reverberi et al., 2004, 2006). The semantic proximity rates the similarity between a pair of fruits on a
continuous scale from minimum of one (e.g., pinekernel and watermelon) to ten (e.g., fig and early fig).
Conceptually, semantic proximity is similar to the order
index and relative switching. Importantly, however, it
has a finer grained level of description because both
order index and relative switching dichotomise the real
proximity of a pair of items, classifying it as relatively
high (i.e., within a subcategory) or relatively low (i.e.,
between subcategories). By contrast, semantic proximity uses a continuous scale. Thus, for example,
orange-lime and orange-tangerine are both pairs of
fruits belonging to the same subcategory. However, the
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latter pair clearly has a higher semantic proximity than
the former pair.

2.4.

Statistical analyses

The analyses were divided into two main stages, each with
partially different aims and involving different patient groups.
In the first stage, the analyses focused on focal dementia
syndromes (nfv-PPA, bv-FTD, and sv-PPA), which produce
selective impairments in the cognitive functions involved in
semantic fluency. The first stage of analyses aimed at clarifying (i) whether the fluency indices measure different
cognitive processes, (ii) whether the fluency indices can
discriminate patients from healthy controls and among the
different focal patient groups, and (iii) whether a combination
of more indices provides more information than the same
indices used alone.
In the second stage, the analyses focused on AD. AD produces impairments in multiple cognitive functions; thus, it
can provide only limited information on the cognitive basis of
semantic fluency. On the other hand, AD is much more
common than the other focal dementia syndromes. The second stage of analyses aimed at evaluating whether the combination of multiple fluency indices can improve the
discriminability of AD compared with controls and the other
focal dementia syndromes.

2.4.1. Stage 1: analyses on focal dementias
2.4.1.1. SEVERITY OF DISEASE. The fluency test was always
administered at the first visit to the clinical service; thus, the
severity of the disease should be roughly comparable across
groups. Additionally, the clinical severity at presentation was
also evaluated by means of the ADL scale (Katz et al., 1970). We
compared the average severity across groups. To further
evaluate whether a relationship (irrespective of patient group)
existed between disease severity and any of the fluency
indices, we tested whether any fluency index correlated with
the ADL across all patients. Given the ordinal nature of the
ADL scale, we used the non-parametric Spearman rho.

2.4.1.2. CORRELATION AND PRINCIPAL COMPONENT ANALYSIS. The variables considered in this study are expected to show large
correlations. There are two main reasons for this expectation.
First, some of the variables determine the range of variation of
the other variables. For example, the number of words and the
number of subcategories determines the range (minimum and
maximum) of the switching index. Second, some of the variables considered may measure (partially) overlapping sets of
cognitive functions. For example, the order index, the relative
switching and the average proximity should all measure the
amount of semantic order in a list. The aim of the following
analyses is to measure how much variance is shared across
variables in a large sample of subjects. Furthermore, by using
principal component analysis, we aim to identify both how
many and which components are sufficient to describe performance on the semantic fluency task. In addition to evaluating the healthy subjects, this set of analyses was also
applied to the patient group for two main reasons. First, the
patient group acted as an independent replication of the
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healthy control group, allowing us to obtain an estimate of the
reliability of the results. Second, and most critical, the variance exploited by the patient group PCAs is partially different.
In healthy controls, the PCA only relies on the variability between subjects in performing the fluency task. In the patient
group, besides this “natural” variability, the PCA also uses the
large variability introduced by the different types of damage to
the cognitive system (and, therefore, different fluency performance) associated with the three different focal syndromes
(nfv-PPA, bv-FTD, and sv-PPA). Two measures grouped in the
same component by the PCA on healthy subjects could be
assigned to different components in a patient group because
only one of the two measures is sensitive to the deficit present
in that patient group, e.g., a semantic memory deficit. In
contrast, the assignment of two variables to the same
component in patients should be interpreted as strong evidence that the two variables measure the same underlying
cognitive component.
We performed a PCA and evaluated the Pearson’s linear
correlations between all variables. The relevant number of
components was determined by relying on the scree test criterion (Cattell & Vogelmann, 1977). The resulting components
were rotated to maximise interpretability with oblique (oblimin) rotation. The PCA was performed using SPSS 20, while
the correlation was calculated using MATLAB 2012b.

2.4.1.3. GROUP COMPARISONS. First, all variables were preprocessed to remove variance due to differences in age and
level of education. For each of the nine variables considered,
we ran a linear regression analysis with the relevant variable
as the dependent factor and with age and education as regressors. We estimated the regression coefficients for age and
education by only considering healthy subjects to avoid any
potential bias in the estimates due to brain damage. The
regression coefficients were then used to compute the residuals for each variable and for all subjects. The average for
each variable and each patient group was compared with the
respective average in the control group by means of a twosample t-test, as implemented in MATLAB 2012b. For each
experimental question (e.g., “Is the average of any variable in
this specific patient group different from that of healthy
controls?”), we considered significant only those tests generating a p-value lower than .05, which were two-tailed and
Bonferroni corrected for the number of comparisons performed for the experimental question under scrutiny. However, the tests composing the Bonferroni set are far from being
mutually independent (see Tables 2 and 4 in the
Supplementary Online Material), hence the applied Bonferroni correction is overly conservative in our case (e.g., Bland &
Altman, 1995). Furthermore, the applied Bonferroni correction
produces a low statistical power even for medium size effects
in some groups. Thus, we reported the effect size, the t value,
the non-corrected p-value and the Bonferroni-corrected alpha
level for each group comparison. Observations that are only
significant at a non-corrected alpha level may be discussed,
but they are clearly singled out as exploratory observations
that need to be confirmed by future observations.
We also performed the same-group comparisons described
above on data from which we removed the variance due to the
number of new words produced. The number of new words

index shares a large proportion of variance with many other
variables. Removing this non-specific source of variance may
allow us to detect differential patterns specific to each pathological group. For example, the average familiarity score
should increase in subjects producing fewer words (with all
other factors remaining constant) because the most familiar
items tend to be produced first. Thus, if the average familiarity
remained high even after factoring out the new words’ variance, then this finding would suggest a specific cognitive
impairment affecting only rare items. Importantly, as in the
case of age and education, the regression parameters were
estimated using only the healthy control group. In this way,
any correlation that is generated only by cognitive impairment would not bias the regression estimates.
Finally, to further ensure that our procedure effectively
removed the effects of age and education, the same comparisons were also run after selecting a subgroup of healthy
controls that best matched the patients for age and education
(Supplementary Online Material).

2.4.1.4. CLASSIFICATION ANALYSIS. The first aim of these analyses
was to determine which variables, either alone or in combination with other variables, would best allow us to classify a
subject as being a patient or a healthy control. The second aim
was to determine which variable, or combination of variables,
provided the best information to determine the specific
pathological group of each patient (i.e., nfv-PPA, bv-FTD, or svPPA).
As in the group comparisons, we removed the variance due
to differences in age and education level (but see also the
Supplementary Online Material for the classification analysis
performed on matched groups). The implemented procedure
is described in the Section 2.4.1.3. The residuals for all nine
variables were submitted to two sets of classification analyses: the first considering patients against healthy subjects
and the second considering the three groups of patients
against each other. For the patients versus controls analysis,
we ran a classification analysis for each of the 511 possible
combinations of the nine variables. For each combination, we
performed a cross-validated classification by means of a linear
support vector machine (SVM), as implemented in LIBSVM
3.17 (Chang & Lin, 2011). We utilised a leave-one out cross
validation: the subjects were split in two independent groups,
one for training the classifier and one for testing it. The
training group comprised all subjects (n ¼ 370) except the one
in the testing group (n ¼ 1). The parameters of the linear SVM
were estimated using only the subjects in the training group.
Then, the estimated parameters were used to classify the
remaining subject. The accuracy of the classification was then
evaluated. The cross-validation procedure was repeated 371
times, leaving out a different subject during each iteration.
Cross-validation allowed us to avoid overfitting the data and
the consequent upward bias in accuracy estimation. Overall,
we obtained one accuracy value per subject. The accuracy
values in the patient group (sensitivity) and the healthy control group (specificity) were computed separately and then
averaged into one single value. This two-step process was
utilised to give equal weight to the performance of the classifier in both patients and controls, i.e., to equally weight the
classifiers sensitivity and specificity. The average accuracy
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values were assigned to the specific combination of variables
being evaluated. The whole procedure was repeated for each
of the 511 combinations of variables. The 511 combinations of
variables were split into 9 groups depending on the number of
variables considered at the same time (range 1e9). Finally, the
variable combinations in each group were sorted and evaluated for accuracy. A similar approach was applied for the
second classification analysis, aimed at classifying patients in
each specific pathological group. The only differences were
that we only considered patients, and the classification
included three groups (nfv-PPA, bv-FTD, and sv-PPA) instead
of two (patients and controls). Similar analysis approaches are
already used in related fields (Klöppel et al., 2008; Pereira,
Mitchell, & Botvinick, 2009; Reverberi, Görgen, & Haynes,
2012a, 2012b).
To understand whether the accuracy values found in the
classification analyses were different than what would be
expected by chance alone, we ran a permutation test. The
group labels of the subjects (e.g., “control” or “patient”) were
randomly permuted before replicating the exact same procedure as described above. The permutation procedure was
repeated 2000 times, each time with a new random permutation. In this way, we obtained 2000 accuracy values for each
of the 511 combinations of variables (1,022,000 accuracy
values overall). As we did for the real data, the 511 combinations of variables were split into 9 groups. Finally, for each of
the 2000 permutations, we identified the maximum performance in each of the 9 variable groups. This procedure
allowed us to obtain the distribution of 2000 accuracy maxima
for each variable group. We considered a finding on the real
data to be significant if its accuracy was higher than the 95th
percentile of the relevant variable group. Notably, our permutation procedure considered the small positive selection
bias introduced by the choice of the best predicting variable
set.
A further related question that we wanted to assess with a
permutation test was whether the best combinations in a
variable group granted a significant increase of accuracy
compared with all variable groups relying on fewer variables.
For each of the 2000 permutations, we computed the difference between the maximum accuracy in the target group and
the maximum accuracy in all groups relying on fewer variables than the target group. This calculation provided us with
the distribution of 2000 accuracy differences for each target
group. We considered an accuracy difference in the real data
to be significant if it was higher than the 95th percentile of the
relevant target group.

2.4.2. Stage 2: analyses on AD patients
2.4.2.1. SEVERITY OF DISEASE. The clinical severity at presentation was evaluated by means of the ADL scale in Alzheimer’s
patients (Katz et al., 1970). We compared the average severity
between the AD and the focal dementia groups. To further
evaluate the presence of a fixed relation (irrespective of patient group) between disease severity and any of the fluency
indices, we evaluated whether any fluency index correlated
with ADL across all patients.

2.4.2.2. GROUP COMPARISONS. AD patients were compared with
healthy controls using the same methodology applied for focal
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dementia syndromes (Section 2.4.1.3). As above, we ran two
main sets of analyses comparing the averages of all indices in
AD and in healthy controls: in the first analysis, we removed
the variance due to differences in age and level of education
from averages, while in the second analysis, we also removed
the variance due to the number of new words produced.
Because the regression parameters for age, education and
number of words were only estimated using the healthy
control group, the same corrections used for the other pathology groups were applied also to AD patients. The same
comparisons were also run after selecting a subgroup of
healthy controls that best matched the AD patients for age
and education (Supplementary Material Online). Finally, the
same procedure described in 2.4.1.3 was used to correct the
alpha level for multiple comparisons.

2.4.2.3. CLASSIFICATION ANALYSIS. We ran a classification analysis on AD patients using the same procedure described for
focal dementia patients. We aimed at determining which
variables, either alone or in combination with other variables,
would best allow us to classify a subject as being (i) an AD
patient versus a healthy control and (ii) an AD versus a focal
dementia patient.

3.

Results

3.1.

Focal dementias

3.1.1.

Clinical severity of disease

The three clinical groups were not significantly different for
ADL [F(2,61) ¼ 2.67, p ¼ .08]. Furthermore, ADL showed very
low correlations with all fluency variables (mean of the absolute rho ¼ .08; range: .002e.24). None of the correlations was
significantly different from 0, also at p < .05 and not corrected
for multiple comparisons.

3.1.2.

Correlation and principal component analysis

Our first goal was to establish how many components are
needed to describe performance on the semantic fluency task.
An exploration of the matrix of correlation (Tables 2, 4, 5, and 6
in Supplementary Online Material) confirms that several variable pairs shared a large proportion of the variance. To better
understand the component structure underlying this matrix
of correlations, we performed a PCA considering all nine
variables. The PCA was applied first to healthy controls and
then to patients. To identify the number of components, we
relied on the Cattell scree plot criterion. We thus generated
the scree plot of the analysis (Fig. 1): a major elbow in the
eigenvalue drop was found between four and five components, suggesting that four1 would be the appropriate number
of components to consider. Four components explained 86%
of the total variance. The proportion of variance in each variable explained by the four components ranged from 65% for
familiarity to 99% for out-of-category words. After an oblique
1

Given the scree plot in Fig. 1, one may also consider only 2
components. However, in this case the proportion of variance
explained for out-of-category words and repetitions would drop
to <10%.
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Fig. 1 e Principal component analysis. Scree plots for PCA of healthy subjects (left) and patients (right).

rotation, all variables showed a high loading on only one
component (Table 2). Four variables showed high loadings (all
>.75) on the first component: the number of new words, the
number of new categories, the number of switches and familiarity. Three variables showed high loadings (all >.85) on
the second component: proximity, relative switching, and
order index. Finally, only one variable showed an extremely
high loading on the third and fourth component (>.99), making these components equivalent to the corresponding variables. The correlation matrix between the rotated
components shows overall low values (<.2), indicating that
the rotated components are largely independent (Table 3).
Five components were identified by means of the Cattell
scree plot criterion in patients (Fig. 1). The five components
explained 92% of the total variance. The communalities
ranged from 80% for proximity to 99% for out-of-category
words. All variables showed a high loading on only one
component (Table 4). Three variables had high loadings (all
>.78) on the first component: the number of new words, the
number of new categories, and the number of switches. Three
variables showed high loadings (all >.84) on the second
component: proximity, relative switching, and order index.
The components from three to five showed a high loading on
only one variable each. As in healthy controls, repetitions
showed a high loading on the third component, while out-ofcategory words showed a high loading on the fourth component. Unlike in the healthy controls, familiarity was removed

Table 2 e Principal component analysis: variable loadings
of each variable on each component in healthy subjects.
Variable loadings higher than .75 are reported in bold.
Components

Familiarity
N category
Proximity
Switching
Rel. switching
Order
New
Repetitions
Out

1

2

3

4

L.760
.798
.132
.847
.071
.192
.920
.006
.001

.172
.125
.894
.377
L.968
.867
.256
.091
.036

.226
.100
.077
.163
.026
.051
.024
.994
.036

.077
.025
.071
.018
.037
.017
.018
.037
.993

from the first component and assigned to an independent fifth
component. The correlation matrix between the rotated
components shows low values (<.23), indicating that the
rotated components are largely independent (Table 5). We
also tried to force the use of the same number of components
that were identified in healthy subjects in patients. The
overall variance that was explained dropped to 85%, mainly
because of a reduction in the communality of familiarity and
out-of-category words (respectively, .72 and .73). Interestingly,
in this four-component model, familiarity was not assigned to
the first component as in healthy subjects, but to the fourth,
i.e., the same as out-of-category words.

3.1.3.

Comparisons across groups

We compared the average fluency performance of each
pathological group with the performance of healthy controls
for each of the nine variables considered. Before running the
comparisons, we removed the effects of age and level of education from all comparisons except for those involving the
variable out-of-category words. Too few healthy controls
produced enough out-of-category words (n ¼ 4) to allow a
reliable estimate of the regression parameters.
All pathological groups significantly differed from controls
on most variables considered (Table 6 and Table 7 in
Supplementary Online Material). The only cases in which no
differences were found, even at p < .05 uncorrected, were
repetitions in the nfv-PPA group and order index, repetitions,
and out-of-category words in the sv-PPA group.
Next, we explored whether the difference between pathological groups and control subjects on any variable would
remain significant even when the effect of the overall reduction in word production was considered. The effect of word
production level on other variables was estimated by relying
on healthy subjects. These estimates were then used to
Table 3 e Principal component analysis: component
correlation matrix in healthy subjects.
Component
1
2
3
4

1

2

3

4

1
.014
.129
.135

.014
1
.194
.054

.129
.194
1
.015

.135
.054
.015
1
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Table 4 e Principal component analysis: variable loadings
of each variable on each component in patients with focal
degenerative syndromes. Variable loadings higher than
.75 are reported in bold.
Components

Familiarity
N category
Proximity
Switching
Rel. switching
Order
New
Repetitions
Out

1

2

3

4

5

.020
.913
.100
.787
.038
.101
.941
.043
.009

.021
.072
.913
.253
L.939
.842
.190
.038
.041

.012
.166
.124
.333
.068
.245
.018
L.982
.044

.029
.184
.007
.031
.008
.038
.148
.065
.990

.995
.077
.099
.032
.129
.018
.138
.001
.028

regress out the effect that the number of words had on the
other variables, both in healthy subjects and in patients. The
resulting scores for each pathological group were then
compared with the control group. Several effects were no
longer significant (see Table 7 vs Table 6, see also Table 8 in
Supplementary Online Material). Interestingly, the variables
that remained different from healthy controls were different
in each pathology group. Nfv-PPA patients produced disorganised sequences (low order index). Bv-FTD patients produced more repetitions. Sv-PPA patients did not show any
difference at a corrected alpha level.
Finally, we formally assessed whether the nine variables
produced a pattern that was significantly different across
pathology groups. We thus ran a 9  3 ANOVA with factors
variable (9 levels) and pathology group (3 levels). The main
effect of variable was significant [F(8,488) ¼ 36.8, p < .001]
while the main effect of group was not [F(2,61) ¼ .52, p ¼ .59].
Most critically, however, we found a significant interaction
variable  group [F(16,488) ¼ 1.88, p ¼ .02]. This finding means
that the pattern of failure of the pathology groups was dissimilar across variables.

3.1.4.

Classification analysis

In a third set of analyses, we investigated which variables,
either alone or in combination with the others, would best

Table 5 e Principal component analysis: component
correlation matrix in patients with focal degenerative
syndromes.
Component
1
2
3
4
5

1

2

3

4

5

1.000
.141
.161
.149
.224

.141
1.000
.062
.130
.074

.161
.062
1.000
.168
.162

.149
.130
.168
1.000
.091

.224
.074
.162
.091
1.000

allow us to classify whether a subject is a patient or a healthy
control. Furthermore, we investigated which variables would
best allow us to assess which pathological group a patient
belongs to. We systematically explored all possible combinations of the nine variables. The best classification performance for patients versus healthy subjects was found when
four variables were considered (Fig. 2). This combination of
four variables had an accuracy level that was significantly
higher than chance; nevertheless, it was not significantly
higher than the accuracy level reached by a classifier using
fewer variables (p ¼ .057). The combinations of variables present in the best performing classifier were: number of categories, average proximity, new words, and out-of-category
words (Table 9, Supplementary Online Material). Notably, the
classifier relying only on the number of new words variable
showed a remarkable performance, 78%, which was only 6%
less than the maximum observed.
We then systematically explored which combinations of
the nine variables considered would best perform in classifying patients in their specific pathology group. Three alternative groups were possible (nfv-PPA, bv-FTD, and sv-PPA),
corresponding to a chance accuracy level of 33%. The best
accuracy (58.3%) was found with two classifiers, one using 5
and the other using 6 variables. The five variables involved in
the former classifier are: familiarity, switching, order index,
new words, and repetitions. The classifier using 6 variables
included out-of-category words in addition to the five previously mentioned variables (Table 9, Supplementary Online
Material). The performance of the two classifiers was significantly higher than chance (p < .05). Classifiers using one to

Table 6 e Comparisons between focal patient groups and controls for each of the nine variables describing fluency
performance. The effect of age and education was removed from all of the comparisons but out-of-category words. For each
comparison we report the effect size (ES, Hedges’ g), the t value, and the uncorrected p-value of the two-sample t-tests.
Degrees of freedom for nfv-PPA, bv-FTD and sv-PPA were respectively 321, 338 and 320. p-values <.05 uncorrected for
multiple comparisons are reported in bold, p-values <.05 corrected for multiple are underlined (Bonferroni critical threshold
.005, n [ 9).
nfv-PPA

Familiarity
N category
Proximity
Switching
Rel. switching
Order
New
Repetitions
Out

bv-FTD

sv-PPA

ES

t value

p value

ES

t value

p value

ES

t value

p value

.67
.86
.92
.65
.93
.85
1.1
.48
1.1

2.62
3.37
3.6
2.52
3.65
3.31
4.15
1.88
4.41

.009
.001
<.001
.012
<.001
.001
<.001
.061
<.001

.85
1.3
.45
1
.64
.39
1.6
1
1.1

4.66
6.94
2.44
5.72
3.48
2.12
8.82
5.52
5.86

<.001
<.001
.015
<.001
.001
.034
<.001
<.001
<.001

1.2
1
.92
1
.79
.31
1.4
.19
.13

4.49
3.87
3.48
3.78
2.99
1.16
5.45
.703
.497

<.001
<.001
.001
<.001
.003
.246
<.001
.483
.62
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Table 7 e Comparisons between focal patients groups and controls for each of the nine variables describing fluency
performance. Besides the effect of age and education, the effect of the overall number of new words was also removed from
all of the comparisons. For each comparison we report the effect size (ES, Hedges’ g), the t value, and p value of the twosample t-tests. Degrees of freedom for nfv-PPA, bv-FTD and sv-PPA were respectively 321, 338 and 320. p-values <.05
uncorrected for multiple comparisons are reported in bold, p-values <.05 corrected for multiple comparisons are underlined
(Bonferroni critical threshold .007, n [ 7).
nfv-PPA

Familiarity
N category
Proximity
Switching
Rel. switching
Order
Repetitions

bv-FTD

ES

t value

p value

ES

t value

p value

ES

t value

p value

.095
.24
.48
.39
.66
.82
.55

.373
.952
1.9
1.51
2.58
3.21
2.15

.709
.342
.059
.133
.01
.001
.032

.03
.32
.005
.25
.25
.35
1.11

.18
1.78
.03
1.38
1.4
1.93
6.07

.859
.076
.98
.168
.163
.054
<.001

.47
.13
.54
.047
.4
.27
.09

1.78
.496
2.07
.177
1.52
1.04
.34

.077
.62
.04
.86
.129
.298
.734

four variables had a performance that was not significantly
higher than chance (Fig. 2).

3.2.

Alzheimer’s Disease

3.2.1.

Clinical severity of disease

overall reduction in word production was taken into account.
By contrast with the focal dementia patients, several effects
remained significant even after correcting for the number of
words (Table 8).

3.2.3.
The ADL index was not different between the AD and the
other focal patients [t(137) ¼ .71, p ¼ .48]. The ADL showed very
low correlations with all fluency variables (mean of the absolute rho ¼ .08; range: .003e.14). None of the correlations
were significantly different from 0, also at p < .05 not corrected
for multiple comparisons.

3.2.2.

Comparisons across groups

We compared the average fluency performance of AD patients
with that of healthy controls for each of the nine variables
considered. AD patients differed from controls on all variables
considered except the number of switches (Table 8). Next, we
performed the same comparisons when the effect of the
Table 8 e Comparisons between AD patients and controls.
In the column “AD cov. words”, besides removing the
effect of age and education as in the “AD” column, we also
removed the effect of the overall number of new words. For
each comparison we report the effect size (ES, Hedges’ g),
the t value, and the uncorrected p-value of the two-sample
t-tests. Degrees of freedom are 380, for both AD and AD
cov. words. p-values <.05 uncorrected for multiple
comparisons are reported in bold, p-values <.05
Bonferroni corrected for multiple comparisons are
underlined (Bonferroni critical p-value threshold left
column is .005; n [ 9; right column .007, n [ 7).
AD
ES
Familiarity
N category
Proximity
Switching
Rel. switching
Order
New
Repetitions
Out

.51
.62
.45
.24
.55
.59
.72
.71
.70

sv-PPA

AD cov. words

t value p value
3.966
4.791
3.491
1.848
4.309
4.563
5.584
5.529
5.464

<.001
<.001
<.001
.065
<.001
<.001
<.001
<.001
<.001

ES
.15
.23
.26
.35
.37
.57
e
.75
e

t value p value
1.167
1.779
2.036
2.71
2.853
4.444
e
5.830
e

.244
.076
.042
.007
.005
<.001
e
<.001
e

Classification analysis

The best classification performance for AD patients versus
healthy subjects was found when four variables were
considered (Fig. 2). This combination of four variables reached
an accuracy level of 72%, which is significantly higher than
chance and significantly higher than the accuracy level
reached by a classifier using fewer variables. The variables in
the best performing classifier were number of categories,
order index, new words, and repetitions (Table 12,
Supplementary Online Material). In contrast with focal dementia patients, the classifier only relying on the number of
new words variable showed an accuracy level much lower
than the best four variables’ model: only 61%. We then systematically explored which combinations of the nine variables considered would best discriminate AD patients from
focal dementia patients. The best accuracy (72%) was found
for a classifier using four variables. However, this performance was not significantly higher than that of a classifier
only using the number of words. The latter classifier was able
to reach an accuracy of 71%, which is significantly higher than
chance alone (Table 12, Supplementary Online Material).

4.

Discussion

Semantic fluency is a simple task that evaluates the ability to
efficiently explore the semantic system. In this study, we had
three main goals. First, we wanted to better understand the
cognitive basis of the semantic fluency. Second, we wanted to
explore the causes of the fluency impairment in focal dementias. Third, we wanted to evaluate whether any of the
proposed fluency indices, either alone or in combination with
others, would discriminate patients from healthy controls and
assign each patient to his/her pathological group.
We found that to thoroughly describe semantic fluency
performance at least four independent components are
needed. We found theoretically relevant qualitative differences in fluency performance across pathological groups.
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Fig. 2 e Classification analysis. On the top left, a classification of focal patients versus controls. On the top right, a
classification of focal patients in each specific pathological group. On the bottom left, a classification of AD patients versus
controls. On the bottom right, a classification of AD patients versus focal patients. Red: real data. Blue: permutation data
(mean and 5the95th percentiles).

Finally, we found that combinations of multiple variables can
improve the classification accuracy of semantic fluency.

4.1.

The cognitive basis of semantic fluency

Semantic fluency is thought to involve at least two cognitive
abilities: accessing a fully functional semantic store and
engaging the executive functions that enable an efficient
search into the semantic store. These abilities have been
roughly mapped onto the left temporal and the left frontal
lobes (Baldo, Schwartz, Wilkins, & Dronkers, 2006; Bousfield &
Sedgewick, 1944; Costafreda et al., 2006; Gruenewald &
Lockhead, 1980; Henry & Crawford, 2004; Hirshorn &
Thompson-Schill, 2006; Katzev, Tüscher, Hennig, Weiller, &
Kaller, 2013; Reverberi et al., 2006; Robinson et al., 2012; Troyer
et al., 1998). While our findings are compatible with this general partition, they further suggest that the independent
cognitive abilities should be expanded (Reverberi et al., 2006;
Rosen & Engle, 1997; Unsworth et al., 2011). The number of
independent components was assessed by two principal
component analyses (PCA), one in healthy controls and one in
patients. The PCA in the healthy group identified four components, while the PCA on patients identified five components
that were characterised by loadings that were highly similar to
those found in healthy subjects (Tables 4 and 2). These
convergent findings clearly show that four, possibly five,

components should be used to evaluate the performance on
semantic fluency. Thus, the next step is to understand which
cognitive abilities are measured by the identified components.
The first PCA component grouped all variables related to
the main outcome variable, i.e., the number of new words
produced. The new words count is a cognitively non-specific
variable, measuring all functions contributing to the effectiveness of the search in the semantic store, from the integrity
and size of the semantic store itself, to the basic processing
speed, to “working memory” or “fluid intelligence” (Roca et al.,
2010; Rosen & Engle, 1997; Unsworth et al., 2011). Given our
results, this cognitive complexity should be extended to all
other variables assigned to the same component, namely the
number of categories and the number of switches. Consistent
with this interpretation, the variables belonging to this
component are impaired in all pathology groups.
The second component mainly involved variables that
measured the generation and implementation of a search
strategy that exploits the structure of the semantic store
(Reverberi et al., 2006). Consistent with this interpretation, we
found that the order index is specifically impaired in one of the
frontal groups, i.e. the nfv-PPA patients, who are expected to
show strategy deficits (see 4.2), but not in other patient groups.
The same pattern was found for the relative switching index
when the variance due to the number of words generated (first
component) was removed. The average proximity shares a
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large part of its variance with the order index and the relative
switching index, both in controls and patients. Nevertheless,
proximity also shows a slightly different pattern than order
index and relative switching in the group comparisons (Table
7). We speculate that, while semantic proximity is sensitive
to strategy deficits, it is also sensitive to variations in the “semantic microstructure” of a sequence (see 4.2 for discussion).
The third component has a straightforward interpretation
because it only included one variable: the number of repetitions. Thus, the ability to keep track of the uttered words to
avoid repetitions depends on (partially) different cognitive
functions than the other abilities involved in semantic
fluency. Only patients with a degeneration involving the
frontal lobe, particularly the bv-FTD patients, showed a significant increase in the number of repetitions, while the increase was completely absent when the degeneration only
involved the temporal lobe (sv-PPA).
The fourth component only included the variable out-ofcategory words. Thus, the ability to represent and comply
with the main general rule of the task (i.e., “fruits only”)
should be independent from other cognitive abilities. Nevertheless, unlike component 3, we are more careful in arguing
the independency of this measure because this variable was
extremely sparse, mostly in controls but also in focal patients.
The observed independence was possibly due to the sparseness of the variable and not to the real independence of the
measured cognitive abilities. More data are necessary to
assess this possibility. Regardless of independence, this
measure was specifically sensitive to degeneration involving
the frontal lobes but not the temporal lobes.
The fifth component was only present in patients and
included average familiarity, a variable that was assigned to the
first component in controls. Thus, the patient PCA showed that
familiarity is independent from the effectiveness variables
(component 1). Familiarity is specifically sensitive to the ability
to produce rare items. This ability is usually highly correlated
with the number of uttered words: the more words you utter,
the lower the average familiarity. However, if we hypothesise
that damage to the semantic store would mostly affect rarer
items, then the familiarity index could be disproportionately
impaired. Thus, the correlation of the familiarity index with the
number of uttered words would be weakened. This possibility is
consistent with the features of the semantic store impairment
in patients with sv-PPA (Hodges, Graham, & Patterson, 1995). In
the present study, the sv-PPA group was the only group
showing a trend (not corrected for multiple comparisons) in
having an average familiarity higher than that expected on the
basis of the number of words (Table 7). However, this speculation needs to be confirmed by further independent evidence.
Overall, the PCAs and across group comparisons showed
that semantic fluency involves multiple cognitive abilities
that can be independently measured by several indices: the
generation and application of a search strategy based on
subcategories (component 2), the monitoring of the overall
sequence to avoid repetitions (component 3), the monitoring
of each word to avoid producing out-of-category items
(component 4), and the full integrity of the semantic store
(component 5). The integrated and effective work of all these
cognitive abilities can be measured by the general effectiveness variables (component 1).

The identified cognitive components of semantic fluency
are in good agreement with those proposed in preceding
studies on semantic fluency (Rosen & Engle, 1997;
Unsworth et al., 2011). In contrast, our findings prompt a
revision on how to measure these components. It has been
proposed (Troyer et al., 1998) that the switching index
specifically measures the integrity of executive functions
(i.e., strategic search processes, cognitive flexibility, and
shifting), while the clustering index (i.e., relative switching
in this study) specifically measures the integrity of the semantic store. Our findings suggest that the switching index
should be better conceived as a more general index of
effectiveness of performance (component 1), which is
related to the integrity of multiple cognitive functions
(Mayr, 2002; Reverberi et al., 2006). Consistently, the
switching index was impaired in all patient groups, irrespective of whether executive functions were spared.
Furthermore, the clustering index (i.e., relative switching)
was not sensitive to semantic impairment. In contrast, it
was sensitive to a strategy deficit, causing a production of
disorganised sequences. Consistently, both relative
switching and order index were impaired in one of the
patient groups with degeneration affecting the frontal lobes
(nfv-PPA), but not in the patient group with a damaged
semantic store (see also Reverberi et al., 2006).

4.2.

Semantic fluency performance in focal dementias

The pattern of failure on semantic fluency over the nine variables is different across the three types of focal dementia
considered in this study, as the interaction group  variable
shows. All three focal patient groups are impaired in the
variables comprising the first effectiveness component.
Importantly, however, when the variance associated with the
number of new words (i.e., the effectiveness component) is
removed (Table 7), the variables associated with the other
components show a pattern of failure that is largely specific
for each pathology group.
Sv-PPA causes a selective deficit in the semantic store
(Hodges et al., 1992; Patterson et al., 2007; Warrington, 1975).
In addition to showing a profound impairment in the number
of new words generated and the other related variables
(component 1), sv-PPA patients only showed a specific
impairment on the semantic proximity index (Table 7,
exploratory finding). We speculate that this impairment
highlights a damage to the semantic “microstructure” of the
category fruit. For a sv-PPA patient, a citrus fruit is still clearly
different from a dry fruit, but more fine-grained differences
within the subcategory may blur (e.g., the different semantic
distance between orange-tangerine and orange-lime). However, a sv-PPA patient is perfectly able to use information at
the subcategory level to cluster items from the same subcategory, as witnessed by the spared order index. This finding is
consistent with preceding literature on sv-PPA showing that
the natural history of the disease begins with an impairment
at the lower levels of the semantic hierarchy, i.e., the level
allowing distinctions between very similar items (Hodges
et al., 1995; Rogers et al., 2004; Warrington, 1975). Finally, in
striking contrast with the other two pathology groups, sv-PPA
patients did not produce either more out-of-category words or
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more repetitions. Together, these observations confirm that
all strategic and monitoring (i.e., “frontal”) functions are
spared in patients with sv-PPA, even when used to explore a
damaged semantic system (Patterson et al., 2007).
The diagnosis of nfv-PPA is based on the selective impairment of the phonological and syntactical aspects of language.
The associated degeneration mainly affects the left inferior
frontal gyrus, i.e., Brodmann Areas (BA) 44/45/47 (GornoTempini et al., 2004, 2011; Grossman, 2010; Neary et al.,
1998). In this study, nfv-PPA patients showed a specific
deficit on the strategic (e.g., order index) and monitoring (e.g.,
out-of-category words) aspects of semantic fluency task
(Tables 6 and 7). Nfv-PPA patients did not cluster together
fruits belonging to the same category; rather, they jumped
between subcategories. This observation is consistent with
the main locus of neural degeneration in patients with nfvPPA, namely BA 45. Left lateral frontal lesions can produce
an impairment to semantic fluency (Henry & Crawford, 2004;
Stuss et al., 1998). More specifically, a previous study by our
group found that patients with a focal lesion in the lateral
prefrontal cortex produce disorganised sequences, thus suggesting a deficit in the strategic search within the semantic
store (Reverberi et al., 2006; see also Stuss et al., 1994).
Consistent with this hypothesis, recent neuroimaging studies
have shown that BA 45 specifically activates during semantic
but not phonemic fluency (Costafreda et al., 2006; Katzev et al.,
2013). This finding can be linked to the proposed role of BA 45
in controlled semantic retrieval (Badre & Wagner, 2007; Katzev
et al., 2013).
Bv-FTD patients are mainly characterised by behavioural
problems, including apathy, disinhibition, and loss of social
awareness (Neary et al., 2005). The degeneration mainly affects the frontal median regions (Salmon et al., 2003). In the
present study, bv-FTD patients showed an extremely low
production of new words in the context of a spared semantic
structure of the sequences produced (Table 7). This pattern is
compatible with the idea that the impaired fluency performance of bv-FTD patients is due to a deficit in initiation
(Burgess & Shallice, 1996; Mayr, 2002; Reverberi et al., 2006). A
pure initiation deficit should cause a reduced rate of word
production. On the other hand, an initiation deficit should
leave unaffected the semantic structure of the sequences
produced, both at the macro and micro level. The presence of
an initiation deficit in bv-FTD patients is also consistent with
previous studies showing that patients with frontal medial
lesions have a deficit in initiation both in semantic fluency
(Reverberi et al., 2006) and in other types of fluency tasks
(Robinson et al., 2012). In addition to the initiation deficit, bvFTD patients shared an impaired ability to monitor the produced sequence for repetitions and out-of-category words
with nfv-PPA patients. Interestingly, these two variables were
specifically sensitive to damage in frontal lobe structures, but
they did not clearly distinguish between pathology groups
affecting different frontal regions. This finding suggests that
these two variables measures multiple cognitive functions
localised in different regions (e.g., inhibition of prepotent responses, representation of task rules and constraints) or,
alternatively, that they measure the impairment of a general
“multi-purpose” mechanism with a distributed neural basis
(e.g., Duncan, 2010).
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Overall, our study showed that sv-PPA, bv-FTD and nfvPPA patients produce a pattern of failure on semantic
fluency with both common and distinct aspects. The former
are mainly related to the general effectiveness in coping with
the task needs (measured by the number of words, the number of subcategories explored, and the number of switches),
which is impaired in all groups. The distinct aspects are
related to the use of subcategories for a strategic search, the
ability to monitor for repetitions and out-of-category words,
the sensitivity to nuances that differentiate items within a
subcategory (“micro” semantic effects), and the production of
rare items. All three pathology groups fail in semantic fluency
but for different reasons that can emerge when measured
with more specific behavioural indices.

4.3.

Semantic fluency performance in AD

Alzheimer’s patients showed impairments on all fluency
indices but the switching index (Table 8). The switching index
was most likely spared due to the balancing between a general
decline in effectiveness (lowering the switching index) and an
associated strategy deficit (increasing the switching index). A
wide cognitive impairment was also confirmed when the
general effectiveness component was removed (Table 8).
These findings are consistent with the known deficit to multiple cognitive functions produced by AD (e.g., Snowden et al.,
2011).

4.4.

Semantic fluency as a diagnostic test

We showed that at least four independent components are
necessary to fully describe semantic fluency performance.
This finding suggests that the diagnostic performance of the
fluency task can be improved by the concurrent consideration
of several variables tapping different components. The classification analyses in this study formally show that this
improvement is indeed attainable.
For focal dementia syndromes, semantic fluency showed a
remarkable performance in distinguishing patients from
healthy controls: the sensitivity was 86%, and the specificity
was 82%. This performance is even more remarkable when
one considers that the test is administered in approximately
1 min, and the patients are in the early stages of their pathology. Our study shows that the maximum classification
accuracy can be attained by integrating the information of
four variables. However, the accuracy of the classifier using
four variables only granted a relatively minor and nonsignificant improvement (6%) over the simpler classifier
using only the number of new words. Thus, a general measure
of how effective the search of the semantic store was already
captured most of the variance relevant for classifying a subject as healthy or cognitively impaired. In sharp contrast, our
findings for the differential diagnosis in focal patients showed
that the use of multiple variables is, in this case, mandatory.
Indeed, at least five variables were necessary to obtain a performance that was higher than chance. With the best model
available, the average performance was 58%, chance level
being 33%. On one hand, these findings show for the first time
that considering multiple features of the semantic fluency
performance allows one to distinguish patients with an
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impairment due to different causes, while single variables
cannot (as witnessed in Henry & Crawford, 2004). On the other
hand, the findings place an upper bound on the performance
attainable by using only the semantic fluency task, and this
bound is clearly suboptimal for clinical purposes. In addition,
the best model with five variables almost perfectly maps onto
the PCA components on patients. This finding further supports the suggested identification of five independent components in semantic fluency.
Classification performance for patients with AD produced
a pattern that was symmetrical to that of focal patients.
Considering multiple fluency indices was unnecessary for
distinguishing between AD patients and focal patients: a
model only relying on the number of the produced words
already reached the best classification accuracy attainable on
the basis of the fluency test (70%, chance level being 50%). This
finding is probably due to the fact that AD patients behaved
differently from the focal groups on new word and related
indices, while they behaved similarly on the other fluency
indices. By contrast, for classifying AD compared with healthy
controls, the use of multiple fluency indices granted a better
accuracy. This finding is likely related to the fact that AD patients are severely impaired on multiple fluency indices, even
after the removal of the effect due to the number of new
words. The extra information available in other fluency
components is exploited by the classifier to increase the
overall performance. Finally, we should note that also for AD,
the variables in the best model nicely mirror the PCA components found on healthy controls, further supporting the
components’ identification.
Overall our findings highlight that a more fine-grained
evaluation of the pattern of performance of patients would
grant a significant improvement of the diagnostic accuracy of
semantic fluency. In agreement with others (e.g., Thompson,
Stopford, Snowden, & Neary, 2005), our study advises the
adoption in clinical practice of more sophisticated and
multidimensional scoring procedures to maximise the information that can be extracted from clinical tests.
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